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Abstract 

We examine the e~e~ —> W~W~ lepton number violating process in the 
frame of the Standard Model with additional right-handed neutrino singlets. 
We give results in the framework of the ‘see-saw’ as well as other models, 
where there is no relation between neutrino masses and the mixing matrix 
elements. The cross section for the ‘see-saw’ models is negligible because 
they predict in a natural way very small electron-heavy neutrino mixing 
angles. However, there exist other models in which the electron-heavy mixing 
angles are free parameters and can be large. Taking into account the present 
experimental bounds on mixing angles the large cross section for the e~e~ —> 
W~W~ is still acceptable. 
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1 Introduction 

Construction of high energy electron-electron accelarator is technically viable 
[1]. The e - e~ process is very interesting because it is particularly suitable 
for testing a possible lepton violation mechanism. Observation of the pro¬ 
cesses such as e _ e _ —> t~t~ or W~W~ will indicate the family lepton 

number or the total lepton number violation. Especially interesting is the 
last process, e~e~ —> W~W~, where the total lepton number is violated by 
two units, A L = 2. Firstly, it has been shown that the standard model’s 
background for such process can be substantially reduced by appropriate 
kinematical cuts (e.g. below 0.1 fb for a 1 TeV e~e~ collider [2,3]). Secondly, 
the occurence of this process will indicate that there exist massive neutrinos 
(with masses M # > Mz ) of Majorana type. Several papers have been de¬ 
voted to such breaking process with AL=2 in the last few years but with dif¬ 
ferent conclusions. Some are very pesimistic and indicate that the total cross 
section for the e“e^ — > W~W~ process is much below the SM background 
[4], others [5], are very optimistic and predict that a tot {e~ e~ —> W~W~) can 
be as large as 4 fb (for yfs = 0.5 TeV) or 64 fb (for sfs = 1 TeV). 

We would like to elucidate this point. Is there realy a chance to observe 
such process in the future NLC (y's = 0.5 TeV) or TLC (y's = 1 TeV) 
colliders? The answer depends on the model in which we calculate the cross 
section. We take the simplest one - the Standard Model (SM) with addi¬ 
tional heavy right-handed neutrino singlets (RHS). In that case the process 
takes place by exchange of neutrinos in the t-and u-channels. But even then 
the size of the total cross section depends on the way in which light and 
heavy neutrino masses are generated. The number of heavy neutrinos, the 
magnitudes of their masses and the high energy behaviour of the total cross 
section (unitarity) also have strong consequences. 

In Section 2 we give the necessary information about the SM with right- 
handed neutrinos, the helicity amplitudes for the e“e~ —> W~W~ process 
and various limits of the cross section. In the main section (Section 3) we 
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discuss the numerical results of our calculations and finally we summarize 
and conclude in Section 4. 


2 The RHS model and the cross section 


In the RHS model which we consider there are til (=3) left-handed and 
riR (= 1 , 2 ,...) right-handed weak neutrino states transforming under SUl ( 2 ) 
gauge group as doublets and singlets, respectively. The neutrino mass matrix 
has til + Ur dimensions 




ul nR 

0 

M T d Mr) 


}n L 

}n R . 


( 1 ) 


Without Higgs triplet fields the til x til dimension part M L of M u equals 
zero 


M l = 0. 


( 2 ) 


Using (riL + Ur) dimensional unitary matrix U 



acting on the weak 


neutrino states we can diagonalize matrix M u {U T M V U = M diag ) and get 
the physical states. We know from experiments that three of them are very 
light (rn Vf , < 5.1 eV, m v < 270 keV, m UT < 24 MeV) and others, if exist, 
have masses above Mz /2 [ 6 ] or even Mz with appropriate assumptions about 
their couplings [7]. 

Without loosing the generality we can assume that the charged lepton 
mass matrix is diagonal, so then the physical neutrino N = (TV],..., Nl+r) T 
couplings to gauge bosons are defined by (l = (e,/q r) T , Pl = |(1 — 75 )) 


Lee 

Lnc 


-^=N'fKP L lW+ + h.c., 


9 

2 cos 9\v 


nyp l (kk^)n 


( 3 ) 

( 4 ) 
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For Ur — 3 the matrix K has the following form 


K = 


e /i t 


> light neutrinos 


□ 

□ 

□ 


| heavy neutrinos 


We are specially interested in the relevant for our process ‘box’ couplings 
of electrons with heavy neutrinos. From various experimental data we can 
find the bounds on the mixing matrix elements K m and (KK^) NN i [8,9]. 

Production of two gauge bosons in two-charged-electrons scattering pro¬ 
cess in the SM with only the RHS neutrinos is described by the hclicity 
amplitudes with the same negative polarizations of the incoming electrons 
<ji = a -2 = —1/2. The other hclicity polarizations of electrons are connected 
with right-handed currents which are absent - Eqs.(3,4) (the full hclicity am¬ 
plitudes suitable for the L-R models with additional s-channels and right 
handed currents are given e.g. in [4]). The RHS model’s differential cross 
section is given by 


da(Xi, A 2 ) 
d cos 0 


Gls/T^r 1 

167T 




2 


(5) 


where Ai and A 2 are helieities of the produced gauge bosons and 7 = -yfF 
The hclicity amplitudes can be written in the form (0, 0 are polar angles of 
one of the gauge bosons in the CM frame) 


M{ A 1; A 2 ) = {M t (X u A 2 )Rt + M u (\i, A 2 )R U } D^-t (0, B, 0) 


where R t and R u are as follows {m a - masses of neutrinos,/? = y/1 — y 2 ) 

: m a 


R 


t(u) 


= -Y.K 


2_ 

ae 1+/3 2 


=F j3 cos 0 + — 


( 6 ) 

(7) 
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and the reduced helicity amplitudes M t ( u ) (Ai,A 2 ) for the t- and u-channels 
are gathered in Table 1. The sum J2 a is over a H light and heavy neutrinos. 
Now we can easily find the approximated cross section formulae in some 
limited cases. 

(i) For very high energy, if (y/s » M w ,m a ) only one helicity amplitude 
M(0,0) gives non-vanishing contribution and 

a( S ^ OO) = ^~ K le m a I 2 , (8) 

In the RHS model, however, 

= o, (9) 


so unitarity is restored. 

(ii) If additional right-handed neutrinos are very heavy and 

m heavy (a) » y/s » M w We get 


v(jn heaV y{a) >> a/s >> M W ) 


G 2 F s 2 

An 


E (+ E I*-) 2 /1 2 

lighted) heavy (a ) a 



J2 {Kaefm, 

heavy(a) 


l 



2 


( 10 ) 

where we used Eq.(9). Let us note that s/m 2 « 1 for mheavy(a) >> a/s and 
the contribution from the light neutrinos dominates. 

(iii) If masses of the heavy neutrinos mheavy —> oo, then 


a 


heavy 


OO = 


rs-/ 


r^j 


-f- I 1/ {Kaefm a [ 2 < —^(m^ + + m„ T ) 2 

^ lighted) ^ 

— (25 MeVf or ^(30 eV) 2 
An v ' An v ' 

10 ~ 2 fb or 10 ~ 13 fb. (11) 
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The first (second) estimation is connected with limits on the light neutrino 
masses coming from terrestrial experiments (astrophysical and cosmological 
observations respectively). 

We can see from Eq.(ll) that the contribution to cr(e~e~ —> W~W~) 
from light neutrino exchange is very small (< 1CT 2 fb). It follows from 
Eq.(10) that the light neutrino dominates if mh ea vy(a) >> a/ s, and from the 
unitarity cr —^ 0 if yfs » mheavy(a) (Eq.(9)). So the only region where 
a(e~e~ —> W~W~) could be large is for y/s ~ 'nTh eaV y( a )- We will see in the 
next section that it realy takes place. 


3 The e e — > W W process: numerical re¬ 

sults 

All specific features of our lepton-violating process are included in quantities 
R t and R u given by Eq.(7). Each of them is expressed by a sum over physical 
neutrinos with masses m a , where the three are light ones and the others 
are heavy. The magnitudes of the R t and R u decide about the size of the 
total cross section. First of all. if all m a —► 0, R t ( u ) —> 0 as it should be, 
because for the Weyl neutrinos there is no lepton symmetry breaking. Two 
factors influence the magnitude of the Rt( u ) - the square of the mixing matrix 
elements K 2 e and neutrino masses m a which are restricted by two constraints: 

• unitarity of the K matrix 

X \ K * i 2=1 “ e i r (i2) 

i=light j=heavy 

and 

• the lack of Higgs triplets from which Ml, — 0 and Eq.(9) follows 

^light = ) ) (A^j e ) Tllj ) ) (Ay e ) 777.^ = (13) 

i=light j=heavy 
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Just above the threshold for the W~W~ production yfs ~ 2 Mw and the 
cross section is small (7 —> 1 ). As we try to hnd the region where the total 
cross section is largest we take y/s >> Mw , so 7 —> 0 and only one helicity 
amplitude M(0,0) is important, the other ones tend to zero like y 2 or 7 (see 
Table 1). We consider this limit in our discussion but numerical results are 
given without any approximation. 

We can ask now what the contribution to a from light neutrinos is. This 
contribution is given by Eq.(ll), for rriheavy —> 00 . As the masses are small 
and | K ae |< 1, A u g ht in Eq.(13) is very small too and the cross section is < 
1 CT 2 fb or 10 -13 fb for laboratory experiments or astrophysical observations, 
respectively. The only possibility to obtain larger cross section is through 
heavy neutrino(s) exchange in the t- and n-channels. Bnt even if the masses 
of heavy neutrinos are very large the combination A heavy = — J2 Kj e rrij 

j=heavy 

must be still very small as j Aheavy | = | A u g ht \ ■ 

The combination A heavy given by the heavy neutrino exchange (Eq.(13)) 

can be small because of two reasons. Firstly, the mixing matrix element 

j K ie j can be small so even for large m l the combination Ah ea vy is small. 

As we will see this happens in the case of the ‘see-saw’ type [ 10 ] of the 

neutrino mass matrix M v . There is no chance then to get a reasonably 

large cross section. Secondly, | K ie | are not small but there is destructive 

interference between large contributions from the different heavy neutrinos. 

It can happen if the neutrinos have opposite CP parities. The models where 

this scenario is realized are also considered [11]. There is a possibility to get 

‘experimentally interesting’ value of the cross section in the frame of these 

2 

models. The neutrino propagator gives the factors +— in the denominators 
of Rt(u) (Eq.(7)). These factors can disturb the destructive interference in 
A heavy giving larger values for R t(u) . 

If the masses of heavy neutrinos are equal then we can extract the de¬ 
nominator in R t (u) and the cross section is still proportional to | A heavy 1 2 s ° 
it is small. The same is true if there is only one heavy neutrino. Then 
the destructive interference in A heavy is impossible and the cross section 
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a(e~e~ —> W~W~ ) is of the same order of magnitude as for the light neu¬ 
trinos. The last observation agrees with the fact that in our model with 
one heavy neutrino only the ‘see-saw’ scenario is applicable [12], From the 
present limits on the masses of light neutrinos we can see that at least two 
conditions must be satisfied to get experimentally interesting value of the 
cross section; (i) there must be two or more heavy neutrinos and (ii) their 
masses must be different. We see also that some heavy neutrino mixing an¬ 
gles K te must be complex, which can happen if CP is violated or if CP is 
conserved and the CP parities of some heavy neutrinos are opposite. 

The spectrum of the neutrino masses and elements of the mixing matrix 
K are the result of the diagonalization of neutrino mass matrix M v . The 
elements of the M u are not known and usually some models which guarantee 
a reasonable spectrum of neutrino masses are assumed. The popular model 
to obtain the light (~eV) - heavy (~TeV) spectrum of neutrino masses is the 
‘see-saw’ model [10]. This means that the Mr and Mo matrices in Eq.(l) 
are proportional to different scales of symmetry breaking and | ( Mr) a |>>| 
(. Mo)ik |. Then, without any additional symmetry, the important K matrix 
elements K ae are proportional to < M D > /m a and are very small for large 
m a 


Kae ~ 


< Mo > 


m n 


(14) 


In this case not only A heavy — — ( K ae ) 2 m a ~ J2 <AId> but also the quan- 

ii i 

tities R t{u) 


n R 

E 

< 2=1 


R t(u) ^ J2 


< Mo > 


(15) 


«>„ (Ml =F 0 cos 0 + ^4) 

are small. The same phenomena of decoupling of the heavy neutrinos in 
the ‘see-saw’ type of models at the one-loop level have been also observed 
(see e.g. [13]). To find what the size of total cross section is let us take the 
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neutrino mass matrix in the following ‘see-saw’ forms 


M n = 


1.0 

1.0 

0.9 \ 

M 

0.0 

0.0 

1.0 

1.0 

0.9 

and Mr = 0.0 

AM 

0.0 

0.9 

0.9 

0.95 J 

V 0.0 

0.0 

BM 


which give a reasonable spectrum of the neutrino masses for M>100 GeV, 
A,B>10 (miight = 0 eV, ~ keV, ~ MeV,mh ea vy ~ M, AM, BM). The calcu¬ 
lated cross section a(e~e~ —> W~W~) for \fs = 0.5(1) TeV and several 
values A and B as function of mass M and shown in Fig.l. We can see from 
Eq.(15) that the cross section is larger for smaller mh ea vy The smallest value 
of mheavy allowed in practice is ~ 100 GeV the ‘see-saw’ type models give the 
cross sections a(e~e~ —> W~W~) which are not experimentally interesting. 

However the ‘see-saw’ mechanism is not the only scenario which explains 
the small masses of the known neutrinos. There are models [11,12] where the 
relations (14) do not work and the mixing matrix elements can be large even 
for large masses of the heavy neutrinos. In this class of models the smallness 
of masses of the known neutrinos is guaranteed by some special symmetry ar¬ 
gument. There are then no simple relations connecting m a with K ae and the 
mixing matrix elements can be treated as independent parameters, bounded 
only by experimental data. From existing experimental data only the sum 

nR 

E I K ae P< « 2 (17) 

< 2=1 

can be bounded: 

k 2 = 0.015 (see Ref. [8]) 

or with the new LEP results (m t = 170 GeV and rrin = 200 GeV) 


k 2 = 0.0054 


(see Ref. [9]). 


Let us calculate the total cross section a(e e —» W W ) for different num¬ 
ber of right-handed neutrinos Ur. As was said the case tir = 1 is not inter¬ 


esting - the cross section is very small. 
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• The hr = 2 case. 

Let us denote the mass of the lightest heavy neutrino by m i = M and the 
mass ratio m^/mi by A. Then, if we assume that rjcp(Ni) = +i, rjcp(N 2 ) = 
—i and denote 5 = Ai ight /M << 1, from Eqs.(13) and (17) (assuming the 
upper bound) we have 


K 2 — 

lx N ie ~ 

An 2 -5 

1 + A 

K 2 — 

IX N 2 e ~ 

k, 2 — 5 

1 + A 


The total cross section for mixing matrix elements (18) as function of M 
for different ratios A is given in Fig.2. The largest value of the total cross 
section is obtained for y/s > M (as discussed before) and for A — > oo. For 
very heavy second neutrino K^ 2e —> 0 and the destructive interference in R t ( u ) 
functions (Eq.(7)) between two neutrinos vanishes (K Nie — > k, K N2e — > 0). 
For hi 2 = 0.0054 the maximum of a t ot is obtained for y/s = 0.5(1) TeV 

cr tot (max) ~ 2.3(10)/6 for M = 400(700) GeV. 

The cross section a tot depends crucially on the value of n 2 . If we take for 
example the older value n 2 = 0.015 we obtain 

<7 t ot(niax) ~ 20(90 )fb for M = 400(700) GeV. 

The similar values of the cr tot (max) were obtained in Ref. [5]. The assumption 
that the rjcp of the heavy neutrinos is opposite (r?ap(A^) = —r)cp(Ni) = +i) 
is equivalent to changing the sign of S and has no influence on the numerical 
values of the total cross section. In the case of CP violation K NiC are com¬ 
plex but still the bound (17) is satisfied and cr tot (max) is smaller than in the 
considered case of the CP conservation. 

• The Ur = 3 case. 

If we take 

Vcp{N i) = r]cp(N2 ) = — r)cp(N 3) = +i 
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and parametrize the heavy neutrino masses similarly as in the Ur — 2 case 


A 


rn 2 

Af’ 


B 


m 3 

M 1 


Kn\ e ^ 


we have from Eqs.(13) and (17) 


K 


2 

A^e 



B(k 2 — x 2 ) — x 2 — 5 
A + B ’ 
A(k 2 — x 2 ) + x 2 + 5 
A + B 


(19) 


where 


0 < x < 


B 


l + B 


K 
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l + B ' 


Now the cross section depends on four parameters M,A,B and x. As before, 
the largest value of er total is obtained in the case when the destructive inter¬ 
ference coming from the neutrino with rj cp = — % disappears. It happens for 
B —» oo (Ahv 3 e —s► 0). The total cross sections as functions of M for different 
values A and x (0 < x < are given in Fig. (3). We can see that the 
detailed behaviour of a tot is now different than in the case tir = 2. For small 
values of x 2 , in particular, the fftot(max) is the same as in the case Ur = 2 
and depends only on the value of k 2 . The different rjcp configurations for 
neutrinos are obtained by the interchange A B and the sign change of 6 
and have no influence on <j tot (max). 

Finally, we check the influence of the unitary relation (9) on the <7 to tai 
for the smaller values of \fs. The unitary constraints begin to be important 
when y/s >> m^ eavy and cause the cr tot —> 0 for yfs —> oo (Eq.(8)). The 
relation (9) is satisfied for heavy neutrinos if some of them have opposite CP 
parities. To find how important the unitarity relation for yfs ~ m,heavy is we 
assume that the CP parities of all neutrinos are the same. In Fig.4 we present 
the behaviour of cr to t as function of y/s if the unitarity relation is satisfied 
(dashed lines) or not satisfied (solid lines). The lines (h) show the results for 
three right-handed neutrinos with M=1 TeV A=B=2 and x 2 = ^ (top of the 
(h) line from Fig.3). We can see that for yfs = 1 TeV the cross section where 
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unitarity is not satisfied is approximately one order of magnitude larger than 
the cross section which satisfis the unitarity requirement. 

The lines (f) show the results for M=700 GeV A=1 and B=100 ( ~ top 
of the (f) line from Fig.3). The mass of the third neutrino which causes the 
right or wrong unitarity behaviour is large. The contribution of this very 
massive neutrino to cr tot is small and the difference between the right and 
wrong unitarity behaviour is visible only for very high energy (y/s ~ 10 4 
GeV). At the end we would like to stress that the dashed line (f) represents 
one of the most optimistic results from Fig.3. 

4 Conclusions 

We have calculated the total cross section for the e“e~ —> W~W~ process 
in the frame of the Standard Model with additional right-handed neutrino 
singlets. The cross section resulting from the known light neutrino exchange 
is very small: <7 tot < 10~ 2 fb if the laboratory limits for neutrino masses 
are taken or crtot < 10 -13 fb if astrophysical and cosmological bounds are 
appropriate. The only chance to get a larger cross section is through heavy 
Majorana neutrinos exchange with mass M > Mz■ If, however, the small 
masses of the existing neutrinos are explained by the ‘see-saw’ mechanism, 
the mixing matrix elements between electron and additional neutrinos are 
small for large neutrino mass and the cross section is also small, cr tot < 10 -3 
fb (for M > 100 GeV). 

In models where the ‘see-saw’ mechanism is not employed to explain the 
small masses of known neutrinos, the mixing matrix elements are usually not 
connected with heavy neutrino mass. In such models the mixing matrix ele¬ 
ments are free parameters which can be bounded from existing experimental 
data. Taking into account the new data from LEP the bounds on the mixing 
matrix elements are such that the maximal cross section can be as large as 
<7 tot (max) ~ 2.3(10) fb for y/s = 0.5(1) TeV. Such large cross sections are 
possible only if the number of right-handed neutrinos Ur is greater than one 
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(nn > 1) and the masses of heavy neutrinos are different. The largest value 
(Ttot(uLcix) is obtained for the energy yfs not very different from the mass of 
the lightest heavy neutrino and only if the neutrinos with opposite CP pari¬ 
ties are much heavier than the lighter ones. As the present experiments give 
bounds to the sum of the squares of moduli of the mixing matrix elements 

n R 

| K ae | , the value cr to t is independent of the number of the right-handed 

a=l 

neutrinos. If CP is not conserved the <Ttot(niax) is smaller than in the case of 
CP conservation. The unitarity constraints can have a big influence on the 
value of the atot(max) especially in the case where the destructive interference 
between neutrinos with the opposite CP parities is large. 
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Figure Captions 

Fig.l The cross section as function of the heavy neutrino mass for 
‘classical’ see-saw models, where the mixing angles between light 
and heavy neutrinos are proportional to the inverse of mass of 
the heavy neutrino. A=10, B=20 (Eq.(16)). Solid (dashed) line 
is for the TLC (NLC) collider’s energy. 

Fig.2 The cross section as function of the heavy neutrino masses for 
the Standard Model with two right-handed neutrinos. Dashed 
(solid) lines are for yfs = 0.5(1) TeV colliders. The curves 
(a),(b),(c),(d) are for A=2,5,10,10 5 respectively (Eq.(18)). 

Fig.3 The cross section as function of the heavy neutrino masses for 

the Standard Model with three right-handed neutrinos for the 

TLC collider’s energy. The denotations are as follows (Eq.(19)): 

(a):A=4,B=oo (10 5 ),a; 2 = 0; (b):A=2,B=oo, x 2 = 0; (c):A=2,B=oo, x 2 

0 .002; (d):A=2,B=oo, x 2 = 0.003; (e):A=2,B=oo, x 2 = 0.004; 

(f):A=2,B=oo, x 2 = k 2 ; (g):A=2,B=2, x 2 max = §k 2 ; (h):A=2,B=2, x 2 = 

ni 

2 ’ 

Fig.4 The influence of the unitarity constraints at the small energy 
limit for the RHS model with three right handed neutrinos (Eq.(19)). 
Lines denoted by (f) are for A=1,B=100,M=700 GeV. Lines de¬ 
noted by (h) are for A=2,B=2,M=1000 GeV. Solid (dashed) lines 
are for real (complex) coupling Abv 3 e (Eq.(19)). 
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Table 1: The reduced hclicity amplitudes for the e e —> W W process 
in t- and n-channels._ 
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